Abstract-MIMO techniques can significantly improve the diversity gain and spectrum utilization. Physical-layer Network Coding (PNC) is also a new technique to increase the spectrum utilization of wireless networks. The novel VBLAST PNC scheme combined these two techniques to improve the performance further. In this paper, we analyze the Bit Error Rate (BER) performance of the new scheme based on QPSK modulation over Rayleigh fading channels. Although the adaptive VBLAST PNC in the new scheme has a better BER performance, the analysis of this algorithm is too difficult to derive the closed-form expressions. Hence, we just present the exact analytical BER performance of VBLAST PNC in a near closed-form. The BER analysis is then verified by the numerical simulation. Inheriting the basic idea from VBLAST PNC scheme and with the help of analytical BER performance, we may develop a better PNC decoding strategy in further works.
INTRODUCTION
In typical two-way relay channel (TWRC), two separated sources exchange their information with the help of a relay, as shown in Fig. 1 . One of the most well-known protocols for TWRC is the physical-layer network coding (PNC) protocol, which was first proposed in [2] . In PNC, the two sources transmit their data simultaneously to the relay in uplink phase, then the relay calculate the XORed information from the received signals and broadcast it to the two sources in downlink phase. Finally, each source can obtain its target data from the received data with the help of its own information. It was further proved in [3, 4] that PNC can approach the capacity of TWRC in high Signal-to-Noise-Ratio (SNR).
Multiple-input Multiple-output (MIMO) techniques possess the ability to linearly increase channel capacity without using extra bandwidth. To take advantages of this fact, combine MIMO techniques and PNC to further improve the wireless spectrum efficiency becomes a valuable idea and result in several novel MIMO PNC schemes. The VBLAST algorithm is a simple and popular MIMO detection method which can achieve the full capacity [8, 9] . A low complexity VBLAST algorithm is the QR decomposition based VBLAST (QR VBLAST) which are essentially identical and have the same performance [10] as the traditional VBLAST algorithm. Naturally, the QR VBLAST detection method was applied in the PNC scheme in [1] , and this new VBLAST PNC scheme requires only receiver side channel state information and symbol level synchronization between the source nodes, as in general virtual MIMO system. The simulation results in [1] showed that the VBLAST PNC has a better BER performance than traditional MIMO PNC scheme. On the other hand, analyzing the theoretical performance of the proposed schemes is also important. In [5] , the PNC symbol error rate was derived for AWGN channels where the phase difference between two signals from the two users are either 0 or . Recently, the tight upper and lower bunds of the BER performance for PNC based on ML detection over fading channels are derived in closed-form in [6] . Soon an exact BER performance of the PNC with binary phase shift keying (BPSK) for TWRC over fading channels was presented in [7] . Some asymptotic symbol error rate or frame error rate expressions [16, 17] were derived for relay-selection schemes.
However, for the VBLAST PNC scheme in [1] , to the best of the authors' knowledge, there is no error performance analysis until now. In this paper, we try to analyze the BER performance of the VBLAST PNC for a 2x2 virtual MIMO system, which can be easily extended to more general cases. The basic idea of VBLAST PNC is to reduce the error propagation by introducing an integer k, which is determined by the channel coefficient. To make our analysis tractable, we divide the analysis into three cases according k=0, k>0, k<0. In fact, only k>0 case is analyzed since k>0 and k<0 have the same performance because of symmetry. After a cumbersome computation, a near closed-form of the BER performance is given in this paper.
II. SYSTEM MODEL AND VBLAST PNC SCHEME

A. System model
The VBLAST PNC scheme is based on the scenario of TWRC in Fig. 1 , where there is one relay equipped with two antennas and two end nodes each of them equipped with only one antenna. We assume that the end node can't receive any useful signals from the other end node directly.
The two end nodes information exchange with the help of the relay must be processed in at least two phases, the uplink phase and the downlink phase. This paper focused on the uplink phase, in which both end nodes transmit their messages to the relay simultaneously and the two messages arrive at the relay in symbol-level synchronization [11] . We assume both 
In the MIMO NC scheme, there are quite a few choices for the MIMO detection. The VBLAST [12] detection and its QR decomposition version [15] are chosen in this paper due to their low complexity and good performance.
In the downlink phase, the relay broadcast 1 2 x x to both end nodes so that the end nodes could obtain the target information with the help of their own messages.
B. Review of VBLAST PNC Scheme
We now introduce the VBLAST PNC scheme, which has a much better performance and will be later analyzed in this paper.
In (1), the channel coefficient matrix can be decomposed with QR decomposition as: = H QR , where the matrix Q is a unitary matrix (orthogonal columns with unit norm) and R is an upper triangular matrix. All the non-zero entries in R are independent with each other. Multiplying the received signal w r x r x n w r x n from (3), we can easily detect 2
x by hard decision :
Note that the hard decision in (4) is performed for the real part and the imaginary part respectively. After the second layer signal 2
x has been detected, we can apply the PNC concept to the first layer with the help of 2
x which results in the novel VBLAST PNC scheme as follows. Rewriting 1 w in (3) as
where k is an integer and aimed at decreasing the effect of error propagation [1] . k is defined as 
when k=0, adopting the VBLAST NC scheme to detect the target signal 1 2 x x .
III. ERROR PROBABILITY ANALYSIS
In this section, we derive the instantaneous BER and average BER at the relay for the novel VBLAST PNC scheme over Rayleigh fading channel. The instantaneous BER is the First International Workshop on Device-to-Device Communications and Networks (D2D 2013) sum of error probability for each dimension under the given channel gains and it can be expressed as
where the coefficient 1/2 results from the fact that the end nodes transmit an equal number of signal at real part and imaginary part. Based on the instantaneous BER above, we finally give the average BER in this section when k>0.
To derive the instantaneous BER, some basic knowledge about upper triangular matrix R is necessary. The off-diagonal entry 1, 2 r of R is a complex Gaussian distribution with zeromean and unit variance [13] However, in the VBLAST PNC scheme, there is an unconventional variable k with unknown distribution. In order to make our analysis tractable, we divide the real-valued k into two cases: k>0 and k=0. When k<0, the BER is identical to the condition when k>0 [1] .
A. BER on the condition for k>0
Without loss of generality, we assume that 1 
Then, after the detection of 2
x as in the VBLAST PNC, there are totally sixteen cases as shown in Table I 1 . In order to obtain an accurate BER on the relay when k>0, we need take the sixteen cases into account. . Equation (7) The calculation of (17) is very similar to that of (13) 
B. BER on the condition of k=0
When k=0, VBLAST PNC indeed detects 1 x and 2 x separately, which is the same as MIMO NC scheme. Thus allows us to obtain the estimation of x in the second layer so that the BER will not change for 2
x .
In the MIMO NC scheme, 1
w r x r , and Based on the analysis above, we calculate the total average BER as , 0 , 0 , 0 e ek ek ek P P P P
IV. SIMULATION RESULTS
In order to validate the analytical results above, we use numerical Monte Carlo simulations for the TWRC system which can be regard as 2x2 virtual MIMO. Specifically, over Rayleigh i.i.d fading channel, the end nodes use QPSK modulation and the relay applied VBLAST PNC demodulation in uplink phase. Review previous analysis, when the relay decoding the received signals by VBLAST PNC scheme, the second layer detection error will dominate the whole BER performance. So we first compare the analytical results with Monte Carlo simulations for second layer. The analytical BER results matched with Monte Carlo simulation perfectly, due to limited space, we didn't post it on this paper. In our Monte Carlo (MC) simulations, we set the length of transmit packet at every node as 7 =4 10 L bit. According to (31), we first plot the total analytical average BER of 1 2 x x in Fig. 2 . Then we plot the BER when k=0, k<0 and k>0 as in (29), (21). After that, the Monte Carlo results for each case are also plotted in Fig. 2 . From Fig. 2 we can see that the most erroneous detection occurs when 0 k . In this case, VBLAST PNC is equivalent to the MIMO NC, in which we can't obtain a good BER performance. On the contrary, when 0 k or 0 k , the BER is very small. It verified that the novel VBLAST PNC helps a lot to achieve a lower BER. This result also tell us that we should pay more attention to the case k=0 to further improve the performance of VBLAST PNC.
V. CONCLUSION
In this paper, we have analyzed the BER performance at the relay when using VBLAST PNC scheme. In the VBLAST PNC, there is an unusual rounding operation, which makes the analysis complicated and leads to a tedious expression. From our theoretical analysis, we are sure that the erroneous detection at first layer was also affected mainly by the second layer error propagation. Moreover, the error probability is dominated by the case k=0, which also has a big probability 6261 . 0 } 0 { P k . This indicates that selecting a new optimized rounding value for k may obtain better BER performance. As a future work, we hope to improve VBLAST PNC by finding out the optimal k.
